Abstract MRL mice display unusual healing properties. When MRL ear pinnae are hole punched, the holes close completely without scarring, with regrowth of cartilage and reappearance of both hair follicles and sebaceous glands. Studies using (MRL/lpr 9 C57BL/6)F 2 and backcross mice first showed that this phenomenon was genetically determined and that multiple loci contributed to this quantitative trait. The lpr mutation itself, however, was not one of them. In the present study we examined the genetic basis of healing in the Large (LG/J) mouse strain, a parent of the MRL mouse and a strain that shows the same healing phenotype. LG/J mice were crossed with Small (SM/J) mice and the F 2 population was scored for healing and their genotypes determined at more than 200 polymorphic markers. As we previously observed for MRL and (MRL 9 B6)F 2 mice, the wound-healing phenotype was sexually dimorphic, with female mice healing more quickly and more completely than male mice. We found quantitative trait loci (QTLs) on chromosomes (Chrs) 9, 10, 11, and 15. The heal QTLs on Chrs 11 and 15 were linked to differential healing primarily in male animals, whereas QTLs on Chrs 9 and 10 were not sexually dimorphic. A comparison of loci identified in previous crosses with those in the present report using LG/J 9 SM/J showed that loci on Chrs 9, 11, and 15 colocalized with those seen in previous MRL crosses, whereas the locus on Chr 10 was not seen before and is contributed by SM/J.
Introduction
We previously reported that MRL mice are able to completely close ear-hole wounds without scarring , unlike other strains of mice that never close their wounds. This type of wound-healing response has also been reported in rabbits and bats (Goss and Grimes 1975) , where such a response has been considered to represent classical epimorphic regeneration. The observed healing also shows similarities with the wound-healing response seen in fetal animals after injury (Armstrong and Ferguson 1995; Hopkinson-Woolley et al. 1994 ) and in amphibians after limb amputation (Stocum 1984) , exhibiting scarless healing, blastema formation, and the regrowth of various tissues such as cartilage ). Genetic mapping studies of this phenomenon have identified a complex trait with over 20 loci when MRL mice were crossed to C57BL/6 (Blankenhorn et al. 2003; McBrearty et al. 1998) and to other strains such a CAST/Ei (Heber-Katz et al. 2004; Yu et al. 2005) and SJL/J . MRL mice were originally generated from a series of crosses between AKR/J, C3H/HeDi, C57BL/6J, and two final backcrosses of this mixed line with LG/J (Murphy and Roths 1978) . Hence, MRL and LG/J share 75% of their genomes identical by descent. The LG/J mouse, a mouse selected for its large body size (Goodale 1938) , also shows similar healing characteristics to the MRL mouse (Kench et al. 1999; Li et al. 2001) . Our interest in the LG/J mouse strain also derives from the wealth of information already gained from existing crosses between LG/J and SM/J mice (Hrbek et al. 2006) . SM/J is a strain of mouse selected for its small body size (MacArthur 1944) . In addition, recombinant inbred strains (Cheverud et al. 2004; Hrbek et al. 2006) as well as AI (advanced intercross) lines (Ehrich et al. 2005; Norgard et al. 2009 ) from LG/J and SM/J mice have already been generated and studied for other phenotypes and have resulted in the identification of many quantitative trait loci (QTLs), including a diabetesmodifying gene (Ehrich et al. 2005) .
For the mapping studies presented here, we examined ear-hole closure in LG/J and SM/J mice and in the F 2 intercross populations. We first demonstrate that SM/J mice have healing properties that are similar to B6 mice and confirm that LG/J mice have healing properties similar to MRL mice. The (LG 9 SM)F 2 intercross mice were then subjected to a full-genome scan using SNP markers and microsatellite genotyping to fill in regions where SNP coverage was absent. Highly significant QTLs were identified on Chr 9; significant loci were identified on Chrs 10, 11, and 15. The F 2 mice were also measured for body and organ weights. We show that no body and organ QTLs are shared with healing QTLs, although male mice (unlike their female siblings) do exhibit an overall association between weight and healing. This association was not seen in the (MRL 9 B6)F 2 mice. Finally, haplotype association mapping (HAM) analysis (Burgess-Herbert et al. 2008) , combined with global gene expression studies, has provided a narrowed list of candidate genes associated with healing and regeneration.
Materials and methods

Animals
LG/J and SM/J mice were obtained from the Jackson Laboratory (Bar Harbor, ME). F 1 mice were generated at Washington University (St Louis, MO) and F 2 crosses were generated at the Wistar Institute (Philadelphia, PA).
F 2 intercross mice were bred from (LG/J 9 SM/J)F 1 males and females (LG granddams, abbreviated LG $) or (SM/J 9 LG/J)F 1 male and female parents (SM granddams, or SM $), generating a total of 357 mice from crosses using all four parental combinations (birth crosses). The sex ratio in the entire replicate cohort was 185 females and 172 males.
When the mice were 6 weeks old, 2-mm holes were surgically introduced into each ear as previously described Li et al. 2001; McBrearty et al. 1998 ). The residual diameters at 15 and 30 days after ear punching were used as quantitative traits for this study. Holes were measured using a grid-etched reticle (Bausch and Lomb, 79).
Genetics
DNA samples from liver tissue collected at the time of sacrifice were prepared as described (McBrearty et al. 1998) . Genome screening of the crosses was carried out using the Illumina Golden Gate Assay and Beadstation (Illumina, San Diego, CA). Specifically, the mouse lowdensity linkage panel was used with 377 SNP loci for a theoretical coverage of 4 SNPs per 27 Mb. Of the 377 SNPs, 132 were polymorphic (122 for autosomal markers); the remaining markers were microsatellite polymorphisms (Blankenhorn et al. 2003 ) that were chosen to fill in any gaps remaining after the SNP markers were linked on the genomic map. Thus, for the (LG 9 SM)F 2 intercrosses, a total of 203 markers over 19 autosomes and the X chromosome were used to assess linkage (see Supplementary Fig. 1 ).
Linkage analysis was carried out using Map Manager QT (Manly and Olson 1999) and Windows QTL Cartographer ) (see below), and the significance of each linkage was determined by permutation analysis routines in the QT Cartographer program ). In some analyses, cohorts of mice were stratified by such parameters as birth cross or sex and analyzed for the presence of healing QTLs using Map Manager QT. Critical values for declaration of significance 9 (Windows QTL Cartographer, model 6) were used to assign levels of confidence in the linkage, depending on a: a significance level for a = 0.32 was considered suggestive; a = 0.1, strongly suggestive; a = 0.05, significant; and a = 0.01, highly significant (Churchill and Doerge 1994) . Tests of significant linkage for a QTL are reported as a likelihood ratio test score (LRT) [LRT = *4.6052 * logarithm 10 of the odds of likelihood of linkage (LOD)]. For the traits reported in this study, 1000 permutations of the data set gave the following estimates of QTL linkage: LRT = 19.6 is highly significant, LRT = 16.1 is significant, and LRT = 14.5 is strongly suggestive for the entire data set. Values of LRT of 20.32, 16.87, and 15.08, respectively, were obtained for males and 19.43, 16.65, and 14 .78 for females.
Composite interval mapping (CIM; Windows QTL Cartographer, model 6) was then performed on the data set (Zeng 1993 (Zeng , 1994 to allow for a more precise definition of intervals containing QTLs. In CIM, markers flanking the test interval are added to the regression model to control for the presence of linked QTLs. Additional markers, unlinked to the test interval but with significant effects on the trait, are added to the model to control for the genetic background. The most significant markers unlinked to the test interval are chosen using a linear regression model with a forward/backward selection procedure in Windows QTL Cartographer v2.5 , with a window size of 10 cM and the five most significant background markers.
Gene expression RNA samples were prepared from day 0 ear holes and from day 7 ear-hole donuts from LG/J and SM/J female mice (3-mm circular rims formed around the hole punch and contained the blastemas) in triplicate. Day 0 is uninjured and thus represents the steady-state values for each transcript that might differ between strains. Day 7 was chosen because this day is after the epidermis covers the wound, the basement membrane is broken down in the MRL (first seen on day 5), and increased proliferation and the regeneration blastema begins to form between days 5 and 7 Gourevitch et al. 2003) . RNA was extracted using Trizol. RNA quality was assessed by gel electrophoresis and nanodrop analysis and then amplified according to Illumina. Gene expression in the six samples was assayed using the Illumina Sentrix Mouse-6 v2. Expression BeadChip ([48,000 probe sequences/array) from an expanded combination of MEEBO oligonucleotides, RIKEN FANTOM sequences, and NCBI RefSeq sequences. Raw intensities and detection P values were extracted using Illumina Bead Studio v3.0. Arrays were checked for outliers by computing genewise between-array median correlation and comparing it with correlation for each array. Arrays were then quantile normalized. Probes were removed from further analysis if their intensity was low (detection P [ 0.05) relative to background in all samples or if the maximum ratio between any two samples was not at least 1.2. Microarray data analysis was performed using Matlab v7.2 functions. Differentially expressed genes were determined using an ANOVA test with the significance level set to 0.05 and a fold change threshold of 1.4, calculated as a ratio between medians of two groups of replicates. Borders for the Chr 9 intervals were determined from a pointwise estimate of significance on Chr 9 with a 1-LOD drop from the flanking markers at 55.3 and 88.6 Mb. This led to one interval instead of two, such that results in Supplementary Table 1 reflect the first through the last of the differentially expressed genes in the larger interval. This list of RefSeq genes with their coordinates from particular chromosomal regions was retrieved through UCSC Genome Browser using the July 2007 mouse genome assembly.
Haplotype association mapping (HAM)
Single nucleotide polymorphisms (SNPs) reflecting haplotypes of linked genes were compared (Burgess-Herbert et al. 2008) for MRL, LG/J, and C57BL/6J vs. SM/J, SJL/J, and CAST/Ei, with the reasoning that these strains were used in crosses with identified QTLs that mapped regenerative healing versus nonhealing (Heber-Katz et al. 2004; Masinde et al. 2001; McBrearty et al. 1998; Yu et al. 2005) . Polymorphic genes and gene elements were defined by the detection of SNPS that are categorized as introns, exons, or untranslated regions (UTR) by the Mouse Phenome Database (www.jax.org/phenome).
Results
The wound-healing trait All LG/J mice quickly and effectively close wounds in their ear pinnae, whereas SM/J mice are unable to completely close such wounds (Fig. 1) . In previous studies we LG/J inbred strains. Female and male SM/J and LG/J mice (4-5 mice/ strain; 2 ear holes/mouse read) at 6 weeks of age were ear punched and the hole diameter was read weekly. Best-fit curves were determined by Graph-Pad PrismÒ using a second-order polynomial equation in each case. Wound sizes between strains of either sex are significantly different at all times assessed, P \ 0.01 noted that female mice had significantly better healing than male mice (Blankenhorn et al. 2003) . This sexual dimorphism was seen in both parental B6 and MRL/MpJ inbred strains, in F 1 hybrids with B6 mothers, in the backcrosses to either parent in which the (MRL 9 B6)F 1 hybrid was the mother, and in all F 2 crosses except the original (MRL 9 B6)F 2 (Blankenhorn et al. 2003) . There was also significantly better healing in female compared to male mice from at least one cross between MRL and M. castaneus (Heber- Katz et al. 2004 ) and in SJL females compared to SJL male mice (Yu et al. 2007 ). For the LG/J mice used in the present study, we found that healing is also sexually dimorphic, and in three of the four parental combinations, F 2 females healed significantly better than F 2 males (Table 1) . Overall, however, there was no significant effect of birth cross on healing in the F 2 cohort (Bonferroni-Dunn post-hoc ANOVA, a = 0.05; not shown).
The distribution of healing of the (LG 9 SM)F 2 population is shown in Fig. 2 and is statistically similar to that of the previous (MRL 9 B6)F 2 population when stratified by sex. The sexual dimorphism of the regeneration trait is also strong in both strain combinations. There was a highly significant correlation between healing at day 15 and at day 30 (F = 560, P \ 0.0001, ANOVA) and this relationship was seen in both males and females (not shown).
Body weight and fat is associated with healing in males only
Because both LG and MRL mice are large mice, it is possible that healing is due to the same genetic factors that regulate body size and weight. We therefore examined the relationship between healing and body size in the (LG 9 SM)F 2 , where these traits segregate. In the total cross there was no relationship between healing at day 15 or at day 30 and body weight measured at 10 weeks. However, when stratified by sex, we noted that larger F 2 males healed better than smaller F 2 males (P = 0.0002), whereas body weight made no difference in female healing (Fig. 3) . In males, this relationship of day 30 healing was also seen with organ weight (heart, liver, and kidney, P values of 0.019, 0.001, and 0.0015, respectively) and with abdominal fat weight (P = 0.03), where more fat is associated with better healing. Spleen weight was not associated with healing in any group. None of the QTLs linked to healing in males (see below) was linked to the QTLs controlling these other traits in males (data not shown). On the other hand, analysis of previous data from an (MRL 9 B6)F 2 cross showed no association with body weight in either females or males (data not shown).
Mapping of QTLs linked to the healing phenotype in the F 2 population Previous mapping studies showed that multiple QTLs (heal1 through heal15 plus suggestive loci) control wound healing in the (MRL 9 B6)F 2 , [(MRL 9 B6)F 1 9 MRL] backcross, and (MRL 9 CAST/Ei)F 2 , and multiple QTLs (Sth1 through Sth10) were observed in (MRL 9 SJL)F 2 populations (Blankenhorn et al. 2003; Heber-Katz et al. 2004; Li et al. 2001; Masinde et al. 2001 ; McBrearty et al. Residual 30-day wound size of (LG 9 SM)F 2 female and male mice (sexually dimorphic, P B 0.001) and (MRL 9 B6)F 2 female and male mice (sexually dimorphic, P B 0.001) (ANOVA with Bonferroni's multiple comparison test). By the same test, females for the two strain combinations were not significantly different, nor were the males 1998). The heal gene nomenclature reported in these publications is annotated in the Mouse Genome Database (http://www.informatics.jax.org/) and is retained here. In the (LG 9 SM)F 2 cohort considered as a whole, major loci were identified on Chrs 9, 10, and 11 that control healing assessed on day 30 (Fig. 4) . It is likely that QTLs on Chrs 9 and 10 each contain two peaks as assessed by the CIM method ( Supplementary Figs. 2 and 3 ). For clarity, these are annotated Chr 9a and Chr 9b and Chr 10a and Chr 10b until their identities are known. To determine which of these genes were important early in the process of healing, we also mapped QTLs for day 15 healing and found that these same three QTLs were also significantly linked to healing at this early stage, and, in addition, a QTL on Chr 15 was observed. Finally, a strongly suggestive QTL (heal15) on Chr 2 with a peak between 0 and 3.8 Mb was seen for day 30.
Because there is a sexual dimorphism of the healing trait itself, we performed CIM analysis of male and female F 2 intercross progeny separately (Fig. 5) . The highly significant Chr 9a and 9b QTLs are observed in both male and female QTL linkage plots, but both Chr 10 QTLs are suggestively significant only in female mice (Fig. 5) . Of interest, the Chr 10 QTLs are significant in both male and female intercross mice for day 15 healing (data not shown). The Chr 11 QTL is highly significant in male progeny but not in female progeny. This is consistent with previous mapping of this Chr 11 QTL (called heal10), which colocalizes with the present QTL peak and has always had higher significance in male progeny. Thus, it is likely that a Chr 11 QTL in the (LG 9 SM)F 2 cross is identical to heal10 (Blankenhorn et al. 2003) and is again a sexually dimorphic QTL in this strain combination. There were no QTLs on the X chromosome that contributed to healing in either sex (not shown).
The impact of each individual healing QTL is predicted to be minor given that quantitative traits are typically due to small, normal differences between alleles of multiple genes. We have calculated the phenotypes associated with inheritance of the most significant QTLs in the F 2 . Woundhealing values for mice grouped by inheritance of each QTL were analyzed for significance in male and female F 2 cohorts and are given in Table 2 . There was no significant interaction in the total cohort among QTLs on Chr 9, 10, or 11 with one another (not shown). However, inheritance of poor-healing alleles (from SM/J) of the heal10 QTL did significantly diminish the healing potential for all male mice, including those with healing alleles derived from LG/J mice on Chr 9.
Gene expression analysis
LG/J and SM/J female ear tissue from day 0 and from circular blastemas formed around the hole punch on day 7 were analyzed using Illumina BeadChip Arrays. All genes whose expression is either significantly (P \ 0.05, ANOVA) upregulated or downregulated by 1.4-fold in LG/ J compared to SM/J at day 0 or day 7 are presented in Supplementary Table 1, which includes 601 genes within the intervals on Chrs 9, 10, 11, and 15. We sought to narrow down this list for the major QTLs on Chr 9a and Chr 9b (184 differentially expressed genes) and Fig. 6 shows the relative expression of the most differentially expressed genes (fold change [2) from the region.
Haplotype association mapping (HAM) on Chr 9
To narrow down the potential candidate genes involved in healing further, we used haplotype association mapping (HAM) analysis of polymorphic QTL candidates that were mapped with significance in the (LG 9 SM)F 2 . SNPs reflecting ancestral haplotype blocks of linked genes can be Fig. 3 Healing versus body weight. Regression of healing is dependent on 10-week body weight for female and male (LG 9 SM)F 2 crosses. Healing in males is significantly related to their weight, P = 0.0002 useful for narrowing the polymorphic intervals and the list of possible candidate genes underlying QTLs. HAM is more powerful and accurate if only parental strains that have shown linkage to the same QTL region in previous mapping studies (Manenti et al. 2009 ) are used in the analysis.
Our HAM analysis focused strictly on the Chr 9 QTLs that have been seen in this and other crosses. A comparison of healing loci obtained from other crosses and this one shows that there are two likely overlapping QTLs: Chr 9a with Sth8a and Chr 9b with Sth9b (Tables 2, 3 , and see Discussion). Thus, our comparison of SNP haplotypes is based on the assumption that the same colocalizing Chr 9
QTLs were seen in crosses between MRL 9 SJL, MRL 9 CAST/Ei, and LG 9 SM but not in MRL 9 B6 (Table 3) . Thus, we set MRL = B6 = LG/J as a healing group that is not equal to SM/J, or not equal to the pair SM/ J = SJL/J, or not equal to the trio SM/J = SJL/J = CAST/ Ei as nonhealing strains in a sequential analysis of polymorphic regions in each paired set.
Approximately 375 genes and genetic entities (as defined in the Mouse Genome Informatics Database:www. informatics/jax/org) and 8 microRNAs exist in the interval between 55 and 105 Mb on Chr 9, as identified using Biomart(http://www.ensembl.org/biomart). The HAM result using the healer set (MRL = B6 = LG) versus SM/J Fig. 4 QTLs identified in the (LG 9 SM)F 2 cohort by CIM. Three hundred fifty-seven F 2 progeny were assessed for the trait on day 15 (upper) and day 30 (lower) and submitted to a whole-genome scan with the Illumina low-density mouse SNP array plus additional microsatellite genotyping. The results were analyzed with Windows QTL Cartographer 2.0 using composite interval mapping. The LRT score is on the y axis and positions of genetic markers along the 19 mouse autosomes are on the x axis. A horizontal line indicates the LRT = 14.5, which is the significance cutoff from suggestive linkage in this cohort. On day 30 there are three major peaks: on mouse Chr 9 (highly significant by permutation analysis) and on Chrs 10 and 11 (significant), and one suggestive QTL on Chr 2. On day 15 there is also a significant peak on Chr 15 E. P. Blankenhorn et al.: LG/J 9 SM/J healing QTL 725 nonhealer narrowed this list of genes bearing polymorphic UTR, intronic or exonic SNPs to 134 genes, and unidentified but conserved cDNA transcripts and two microRNAs in the entire region from 55 to 105 Mb of mouse Chr 9 (Table 4 , column A). A further narrowing of the list by the inclusion of SJL/J as a nonhealer (SM/J = SJL/J) in the HAM search for polymorphic genes resulted in 87 candidate genes for the large overlapping 9a/Sth8a and 9b/Sth9b intervals (Table 4 , column B). Further narrowing occurred when CAST/Ei was included as a nonhealer (SM/J = SJL/ J = CAST). Because only the 9b/Sth9b QTL was identified in the CAST/Ei cross, the HAM analysis was done only for 9b/Sth9b (with a cutoff of 72.3-105 Mb) and this resulted in 32 genes (Table 4 , column C).
We next compared these polymorphic gene candidates from the HAM analysis with the differentially expressed genes (Supplementary Table 1, Fig. 6 ). Of the 134 genes identified when MRL, B6, and LG were considered together and compared to SM, 52 were differentially expressed genes (Table 4 , column ''ratio''). When SJL was added as a nonhealer, 33 differentially expressed genes were identified. And finally, when CAST/Ei as a nonhealer was added for the Chr 9b/Sth9b locus, we identified 23 differentially expressed genes (Table 4) . Overall, 23 genes both reside in polymorphic blocks of the genome and are differentially expressed by LG and SM. Genes that were actively transcribed but not differentially expressed in this multiplelocus interval were also noted as they could underlie the Fig. 5 CIM QTLs identified in female and male mice from the (LG 9 SM)F 2 cohort. One hundred eighty-three female (upper) and 173 male (lower) F 2 progeny were assessed for the wound-healing trait on day 30. The results were analyzed with Windows QTL Cartographer 2.0 using composite interval mapping. LRT score is on the y axis and positions of genetic markers along the 19 mouse autosomes are on the x axis. For females, peaks are seen on mouse Chr 9 (highly significant by permutation analysis) and on Chr 10 (significant). For males, two major peaks are seen on Chrs 9 and 11
QTLs because of their amino acid polymorphisms in candidate genes that could cause healing differences without affecting RNA expression levels. There are 20 genes that are transcribed at twofold or more background expression levels and exhibit less than 30% change in expression between LG and SM mice (Table 4) . 
Discussion
LG/J and SM/J mice have been examined for size and propensity for obesity and autoimmunity (Cheverud et al. 2004; Kramer et al. 1998) .
LG/J mice have been reported to show unusual healing properties, similar to those seen in the MRL mouse (Kench et al. 1999; Li et al. 2001) , of which it is a parent strain (Murphy and Roths 1978) . In this study we determined that SM/J mice of both sexes show poor relative closure of ear wounds. We crossed LG/J to SM/J mice and identified multiple loci that are genetically linked to the ear-hole closure response, a response to injury that shows regenerative healing. There were healing QTLs identified by composite interval mapping located on Chrs 9, 10, and 11 that control day 30 healing in this strain combination. The two QTLs on Chr 9 have been previously observed (Sth8a and Sth9b, see below) and are remarkably strong QTLs in this strain combination. A broad area of linkage likely containing two QTL was observed on Chr 10 for healing measured on days 15 and 30. Better healing due to these QTL is seen in mice carrying two alleles from SM/ J. Day 15 healing was also regulated by these three significant QTLs and, in addition, there was a clear significant linkage to a Chr 15 QTL.
Comparison of MRL and LG healing loci
Previous studies have identified ear-hole closure QTLs using global microsatellite mapping of F 2 and backcrosses between MRL and multiple nonhealer parental lines, including B6, SJL, and CAST/Ei. A summary of the loci shared among these crosses and the LG/J 9 SM/J cross studied here is presented in Table 3 . As noted above, two QTLs on Chr 9 have been observed in multiple crosses, and in four studies the healing allele is derived from the healing mouse strain (i.e., MRL or LG). Two QTLs on Chr 9 were first identified in an (MRL 9 SJL) cross at 60 (Sth8) and 76 Mb (Sth9) ). These were further refined and subdivided in a larger cross into three QTLs using Bayesian shrinkage analysis: one colocalizing with Sth8 (which, for the sake of clarity, we will designate Sth8a) at 62 Mb, and two QTLs at 87 and 95 Mb (in the region of the former Sth9, which we will designate Sth9a and Sth9b) (Yu et al. 2007) . In an (MRL 9 CAST/Ei)F 2 cross, a Chr 9 QTL appeared in females only at 101 Mb (Heber-Katz et al. 2004) , which may be equivalent to Sth9b. An earlier study using the same cross showed QTL at 44 Mb (originally designated Sth8, this could be called Sth8b to distinguish it from Sth8a at 60 Mb) and another QTL at 99 Mb, presumably equivalent to Sth9b (Yu et al. 2005) . In the present cross, two highly significant loci with Fig. 6 Genes from both of the Chr 9 QTL regions that changed twofold or more between LG and SM at the 0-day or 7-day time point. The color of the boxes represents relative expression levels, with shades of red equal to high expression and shades of blue equal to low expression. Three samples (3 mice)/time point peaks at 60 Mb (Chr 9a, presumably equivalent to Sth8a) and at 90-92 Mb (Chr 9b, presumably equivalent to Sth9b) were identified. It is likely, then, that LG/J mice carry the same alleles as MRL for Sth8a and Sth9b (Table 3) . It is likely that LG/J mice also carry an MRL-like allele at Sth9a. A SJL.MRL Chr 9 interval-specific substitution congenic was generated based on these linkages, which demonstrated somewhat better healing than SJL but only in males (Yu et al. 2007 ). In the current study, the QTLs on Chr 9 showed no sexual dimorphism. The QTL on Chr 10 from the LG 9 SM cross (Table 2 ) have not been mapped in any MRL cross; healing alleles for both are derived from SM/J. The stronger QTL will be called heal16. A separate QTL (10b) at approximately 85 Mb is also seen in this cross. A QTL on Chr 11 was previously identified in males in the MRL 9 B6 cross at 94 Mb (heal10) (Blankenhorn et al. 2003) and in the MRL 9 CAST/Ei cross at 110 Mb (Heber-Katz et al. 2004) ; this is likely to be the same QTL as in the present LG 9 SM cross at 83-92 Mb. In the current study, while the heal10 peak is between 88 and 92 Mb, significant linkage is detected in males out to the second-most distal marker on Chr 11 (rs3710148 at 102 Mb). This QTL has significant linkage to healing in males on both day 15 and day 30 in this cross, as has been seen in the previous studies.
A QTL on Chr 15 was mapped in the present LG 9 SM cross at 92 Mb, which might be the same as the QTL heal4 identified in the original map of healing using an MRL 9 B6 cross (McBrearty et al. 1998) . However, in the present cross, the Chr 15 linkage is seen only on day 15, with a peak at 92 Mb, and the healing phenotype is contributed by the SM/J allele. Therefore, this may or may not be identical to the original heal4.
Finally, a suggestive QTL (heal15) on Chr 2, with a peak between 0 and 3.8 Mb, was identified in an MRL 9 CAST/Ei cross (Heber-Katz et al. 2004 ). This was significant in the whole F 2 population but not in males or females alone. It was also seen only in mice heterozygous at this locus. In the LG 9 SM cross, a suggestive QTL on Chr 2 is seen at approximately the same location.
Sexual dimorphism
We have previously shown in the MRL 9 B6 crosses and in the parental strains that female mice display better healing in terms of ear-hole closure than males. This was also found to be true in (MRL 9 CAST/Ei) crosses and (MRL 9 SJL) crosses. A recent study examining joint cartilage regeneration in MRL and B6 mice showed a sexually dimorphic response in the other direction, where only males displayed cartilage regeneration (Fitzgerald et al. 2008 ). Based on previous mapping studies, we expected to find in the current analysis at least one healing QTL that was sexually dimorphic. In fact, heal10 on Chr 11 shows significant influence only in mice of one sex (males) ( Table 2 ). The CIM analysis of males at day 15 showed a significant healing QTL on Chr 15; this QTL did not achieve significance but was present in females at this stage (not shown).
Size and healing A comparison of healing and body weight showed a positive correlation in F 2 male mice. This was not seen in female mice or in the population assessed as a whole. The LG 9 SM cross used in this study has been the focus of genetic mapping studies by the Cheverud laboratory for multiple phenotypes, including body size (Cheverud et al. 2004) . It has been shown that LG/J male mice show more rapid growth during the first 10 weeks than LG/J female and SM/J mice and that this may be caused by increased levels of IGF and growth hormone (Ehrich et al. 2003) .
One possible explanation for our result is that a growthrelated gene involved in early LG/J male growth is involved in healing and may be a sexually dimorphic gene. Thus, a likely candidate would be the Chr 11 heal10 locus, which is mainly influential in males and contributed by LG/ J. However, heal10 showed no influence on any of the body or organ weight traits in male mice (not shown). Notably, when the relationship of size and healing was examined in an MRL 9 B6 cross, no such association was seen.
Candidate genes A sequential HAM analysis has allowed us to narrow down the list of candidate genes in the large, overlapping Chr 9 intervals we designated 9a (likely identical to Sth8a) and 9b (Sth9b) ( Tables 3, 4) . First, polymorphic regions in introns, exons, and 5 0 UTR in the interval containing both 9a/Sth8a and 9b/Sth9b were examined, and we sequentially identified those SNP blocks that had an appropriate strain distribution pattern for the five strains. We then narrowed down this list further by selecting genes that were differentially expressed between LG and SM. This intersection of candidates identified by the two approaches resulted in a final list of 23 candidate genes, many of which have already been identified in regenerative systems: Kif23, Coro2B, 231007F 21Rik, Rora, Tpm1, Myo1e, Tcf12, Myo5a, and Mapk6 in the 9a/Sth8a QTL; and Bmp5, Rasgrf1, Plscr1, Plod2, Slc9a9, 2610101N10RIK, AI427122 (pls1), Tfdp2, Rnf7, Rbp2, Pccb, 3222402P14RIK (Ppp2r3a), Trf, and Cdv3 in the 9b/Sth9b QTL.
Among the candidates for the 9a/Sth8a QTL, there are numerous genes involved in microtubule-actin interactions which are involved in morphogenesis and cell migration, potentially key molecules in wound healing and regeneration (Rodriguez et al. 2003) . Four such genes are upregulated in LG healing tissue, including Kif23, a kinesin-like family member and motor protein which drives organelle movement and completion of cytokinesis (Rodriguez and Cheney 2002) ; Coro2B, also known as ClipinC, a coronin protein involved in actin binding, assembly, and crosslinking (Nakamura et al. 1999 ); Myo1e, a class I myosin Ratio shows fold change LG/SM if the gene is significantly differentially expressed; Exp. = 20 genes that are expressed more than twofold over background levels ([ 160) and yet show less than 30% difference between LG and SM; Max expr = maximum expression level for the gene; ? = gene belongs to the group, ne = not expressed; (-) = not on the Illumina microarray slide that interacts with actin and has been reported to be involved in endocytosis and podocyte formation (Krendel et al. 2007) ; and Tpm1 encodes tropomyosin, which is an actin-binding protein that plays an important role in regulating the cytoskeleton (Gunning et al. 2008) . Myo5a, which is downregulated in LG/J, forms complexes with kinesins to coordinate organelle movement along microtubules (Huang et al. 1999; Krendel et al. 2007 ). Downregulation of three other molecules in 9a/Sth8a are consistent with reduced muscle and chondrocyte differentiation. TCF12 is a bHLH transcription factor expressed in muscle and thought to be involved in lineage-specific gene expression (Zhao and Hoffman 2004) and Mapk6 or ERK3 is a Ser/Thr kinase localized to the nucleus and accumulates during muscle differentiation. Rora is a retinoidrelated orphan receptor and has been reported to be involved in chrondrocyte differentiation and a negative regulator of inflammation (Delerive et al. 2001; Woods et al. 2009 ).
In the 9b/Sth9b locus, there are several genes involved with development and wound healing. These include Bmp5, which has been shown to be involved in chondrogenesis and muscle and bone development (Guenther et al. 2008; Reber-Muller et al. 2006) and is downregulated in LG/J, potentially inhibiting premature formation of cartilage and muscle. Also, Plod2 (procollagen lysine, 2-oxoglutarate 5-dioxygenase 2 or LH2) is a membrane-bound enzyme that hydrolyzes collagen allowing crosslinking and is important in the formation of scar tissue (Ulrich et al. 2007) ; this is downregulated in LG/J which could allow growth over scarring. Rbp-2 retinol (vitamin A) binding protein (also known as crbp-2 or crbpII) is involved with cell cycle control and is downregulated in chick limb development (Maden et al. 1989; Roesch et al. 2006) . It is upregulated in healing tissue from LG/J mice and may lead to increased levels of available retinol for RA synthesis.
It will also be important to consider activated genes that are similar in expression levels between LG and SM but may be different in function due to sequence differences in primary structure or regulatory regions. These are represented in Table 4 and will be more extensively analyzed when the interval is further narrowed.
Conclusion
Many genes found in the QTLs described here are of potential interest and may play a role in wound healing and regeneration. At present, studies examining gene expression and fine mapping of recombinant inbred lines derived from LG/J 9 SM/J and advanced intercross lines are underway.
